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Intermediates along the Hydrolytic Pathway
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can glucohydrolase. Before a new hydrolytic event be-
gins, the bound product (glucose) from the previous
catalytic reaction is displaced by the incoming sub-
strate, and a new enzyme-substrate complex is formed.
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of Medical Research tion [1]. The enzymes have broad substrate specificity,
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The enzymes are fundamentally different from the pre-CNRS (affiliated with Universite´ Joseph Fourier)
BP 53, F-38041 Grenoble Cedex 09 viously characterized -D-glucan exohydrolases such
as cellobiohydrolases, which hydrolyze only (1 → 4)--France
D-glucosidic linkages and release the disaccharide cello-
biose, strictly from (1 → 4)--D-glucans [4].
The barley -D-glucan glucohydrolases are membersSummary
of the family 3 glycoside hydrolases, as classified on
the carbohydrate-active enzymes (CAZY) server (http://Background: Barley -D-glucan glucohydrolases rep-
resent family 3 glycoside hydrolases that catalyze the afmb.cnrs-mrs.fr/pedro/CAZY/). This family includes
around 150 known enzymes, which are variously desig-hydrolytic removal of nonreducing glucosyl residues
from -D-glucans and -D-glucooligosaccharides. After nated as -D-glucosidases, -D-xylosidases, and N-ace-
tyl -D-glucosaminidases and which are widely distrib-hydrolysis is completed, glucose remains bound in the
active site. uted in higher plants, fungi, and bacteria [5]. Their broad
distribution suggests that the family 3 enzymes play key
roles in such fundamental biological processes as theResults: When conduritol B epoxide and 2, 4-dinitro-
phenyl 2-deoxy-2-fluoro--D-glucopyranoside are dif- normal growth and development of plant cells, the modi-
fication of carbohydrate structure in changing environ-fused into enzyme crystals, they displace the bound
glucose and form covalent glycosyl-enzyme complexes mental conditions or in the face of pathogen attack, and
the microbial degradation of plant residues [1–3, 5].through the O1 of D285, which is thereby identified as
the catalytic nucleophile. A nonhydrolyzable S-glycosyl The barley -D-glucan glucohydrolase adopts a globu-
lar, two-domain fold [6, 7]. The first domain of 357 aminoanalog, 4I, 4III, 4V-S-trithiocellohexaose, also diffuses into
the active site, and a S-cellobioside moiety positions acid residues has a (/)8 TIM barrel fold and is joined
by a 16 amino acid helix-like linker to the second domain,itself at the 1 and 1 subsites. The glycosidic S atom
of the S-cellobioside moiety forms a short contact which consists of residues 374–559 arranged in a (/)6
sandwich. A pocket at the interface of the two domains(2.75 A˚) with the O2 of E491, which is likely to be the
catalytic acid/base. The glucopyranosyl residues of the has been identified as the likely active site of the enzyme.
The pocket is about 13 A˚ in depth, which is sufficientS-cellobioside moiety are not distorted from the low-
energy 4C1 conformation, but the glucopyranosyl ring to accommodate two -D-glucosyl residues of the sub-
strate. The refined structure revealed that a glucoseat the 1 subsite is rotated and translated about the
linkage. molecule remains tightly bound in the active site and is
probably the product of the enzyme-catalyzed reaction
that is not released after hydrolysis is completed [7].Conclusions: X-ray crystallography is used to define
the three key intermediates during catalysis by -D-glu-
Key words: catalytic acid/base; catalytic nucleophile; enzyme kinet-
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Thus, the enzyme examined here is unusual among gly- the crystal structure described previously (1EX1) [7]. The
presence of a tightly bound glucose molecule in thecoside hydrolases because the product remains firmly
bound to the enzyme and is displaced only when the active site of the enzyme (Figures 4a and 5a) was con-
firmed [7]. This atomic structure was subsequently usednext substrate molecule approaches the active site.
The availability of the three-dimensional (3D) structure for further analyses of the cyclohexitol- and the 2-deoxy-
2-fluoro--D-glucopyranosyl (2F-G)-enzyme complexes,of the barley -D-glucan glucohydrolase has allowed
reliable models of other family 3 glycoside hydrolases employing the rigid body refinement technique.
to be constructed [5]. Residue D285 of the barley en-
zyme, or its equivalent, is absolutely conserved in all Labeling the Catalytic Nucleophile
family 3 glycoside hydrolases and is likely to be the Conduritol B epoxide (1, 2-anhydro-myo-inositol) was
catalytic nucleophile. The function of catalytic acid/base used to label the catalytic nucleophile of -D-glucan glu-
was tentatively assigned to E491, but this residue was cohydrolase isoenzyme ExoI. The conduritol B epoxide
not conserved across the family, and other conserved is targeted to the active site of the enzyme by virtue
acidic and basic amino acid residues, such as D95 and of its structural similarity with glucose. Provided the
E220, might equally be assigned a role in catalysis [5]. conduritol B epoxide is correctly positioned with respect
Furthermore, the catalytic acid/base residues of glyco- to the catalytic amino acids, the epoxide oxygen under-
side hydrolases have proved to be notoriously difficult goes protonation by the catalytic acid/base, followed
to identify by direct chemical methods. by nucleophilic attack by the catalytic nucleophile at C1
The primary objectives of the present work were there- of the cyclitol ring. This causes diaxial opening of the
fore to provide chemical and X-ray crystallographic evi- epoxide ring and the formation of a stable ester linkage
dence to unequivocally identify the catalytic amino acids between the catalytic nucleophile and the cyclitol ring
in the active site of a higher plant, exo-acting -D-glucan [8, 12].
glucohydrolase. Other major objectives were to use The expected targeting of the conduritol B epoxide
mechanism-based enzyme inhibitors in defining reac- to the active site of the barley enzyme was confirmed
tion intermediates along the hydrolytic pathway, in by the rapid inactivation of the enzyme (Figure 1), with
which clear differences in substrate specificity from pre- values for the inhibition rate constant ki, the dissociationviously characterized glycoside hydrolases are ob- constant for the enzyme-inhibitor complex Ki, and theserved. The mechanism-based inhibitors conduritol B second-order rate constant of inhibition ki/Ki of 0.27epoxide [8] and 2, 4-dinitrophenyl 2-deoxy-2-fluoro-- min1, 42.60 M, and 6.34 min–1 mM1, respectively.
D-glucopyranoside (2F-DNPG) [9] were used to covalently Comparative tryptic mapping of native and inactivated
label the catalytic nucleophile. Sequencing of tryptic enzymes showed differences in the mobility of several
fragments with altered mobility allowed the identifica- fragments (Figure 2). The NH2-terminal amino acid se-tion of the labeled amino acid residue on HPLC columns. quence analyses revealed that only one of these frag-
Furthermore, the inhibitors were diffused into enzyme ments, which was within the sequence GFVIS-WEGIDR,
crystals, and their interactions with amino acid residues contained a chemically altered amino acid residue. It
in the active site were confirmed by X-ray crystallogra- could be tentatively concluded that this tagged amino
phy. To identify the likely catalytic acid/base, a nonhy- acid residue was D285 and that this residue is likely
drolyzable S-glycosyl substrate analog, 4I, 4III, 4V-S-trithi- to be the catalytic nucleophile. This is consistent with
ocellohexaose [10], was diffused into the active site of previous results for family 3 glycoside hydrolases [12].
the enzyme, and the likely catalytic acid/base was de-
duced from the distances between the S atom of the
3D Structure of the Cyclohexitol-Enzyme ComplexS-glycosidic linkage and conserved amino acid residues
To confirm the assignment of the catalytic nucleophileat the catalytic site. Thus, mechanism-based inhibitors
to D285, crystals of -D-glucan glucohydrolase werecoupled with X-ray crystallography have shown that the
soaked with conduritol B epoxide. The structure of thecatalytic nucleophile of the barley -D-glucan glucohy-
complex was solved to 2.80 A˚ resolution with an R factordrolase isoenzyme ExoI is D285 and that the catalytic
of 18.02% (Table 1). As shown in the difference Fourieracid/base is E491. Furthermore, the structures of three
electron density map of the active site (Figure 3), thekey intermediates in the hydrolytic reaction pathway
glucose molecule trapped in the 1 subsite had beenhave been defined.
displaced by the inhibitor. The C1 of the cyclohexitol
ring was placed 1.33 A˚ from the O1285, indicative of a
covalent bond between these two atoms (Figures 4bResults and Discussion
and 5b). The covalent linkage was axial to the plane of
the cyclohexitol ring and is equivalent to an -anomeric3D Structure of the -D-glucan Glucohydrolase
with Bound Glucose linkage for D-glucosides (Figure 4b). The 3D structure
therefore resembles the covalent glycosyl-enzyme inter-The structure of the barley -D-glucan glucohydrolase,
in which the glucose product remained bound in the mediate (Figure 8). This observation is in accordance
with the findings obtained for other retaining -D-glyco-active site, was determined from 30-m3 crystals using
cryo-crystallographic procedures [11]. The data set was side hydrolases employing a double-displacement cata-
lytic mechanism [13–15]. There was no significant distor-collected at 100 K, solved to 2.70 A˚ resolution, and had
an R factor of 18.87% (Table 1). The final structure of tion of the covalently bound cyclohexitol ring, which
remained in a conformation equivalent to a 4C1-hexopyr-the -D-glucan glucohydrolase consists of 602 residues
and 219 water molecules and is essentially identical to anose ring.
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Table 1. Data Collection and Refinement Statistics of 3D Structures of -D-glucan Glucohydrolase with Bound Glucose, Cyclohexitol
Ring, 2-deoxy-2-fluoro--D-glucosyl, and S-cellobioside Moieties
Glucose/Complex Cyclohexitol/Complex 2F-G/Complex S-cellobioside/Complex
Resolution (A˚) 2.70 2.80 2.55 2.20
Unit cell; a 	 b, c (A˚) 100.95, 181.20 101.01, 181.55 100.96, 181.25 102.43, 185.48
Total observations 164,280 91,211 283,040 123,698
Unique observations 26,752 19,994 30,853 46,444
Multiplicity 6.16 4.56 9.48 4.40
Rmergea (%) 11.7 15.7 13.8 9.8

l/ (l) 7.7 7.9 7.2 15.8
Data completeness (%) 99.9 90.7 99.6 83.4
Rworkb (%) 18.87 18.02 18.89 17.76
Rfreeb (%) 22.84 24.01 23.31 21.09
Rms bonds (A˚); angles () 0.01; 1.3 0.01; 1.5 0.01; 1.3 0.01; 1.3
Luzzati coordinate error (A˚) 0.28 0.28 0.28 0.24
a Rmerge 	 100(li
l)2/li2 summed over all independent reflections.
b Represents approximately 5% of the data.
If the conserved amino acid residues D95, R158, H207, the F atom (Figure 4c) is shorter by approximately 0.2 A˚
than the interaction between the O1285 and the C2 hy-and Y253 of the cyclohexitol- and glucose-bound struc-
tures are superposed (rms 0.16 A˚) [16], the angle be- droxyl group of bound glucose (Figure 4a). This shorten-
ing is a consequence of the formation of a covalenttween the normal of the planes defined by the atoms
C2, C3, C5, and C6 of the cyclohexitol ring and the bond between the C1 of 2F-G and the O1285 [19–23].
Recently, Vocadlo et al. [24] also demonstrated thatcorresponding atoms of the glucopyranose ring is ro-
tated by 8.7. The centroid of the cyclitol ring is trans- catalysis by the hen egg-white lysozyme proceeds
through an undistorted covalent glycosyl-enzyme inter-lated by 0.87 A˚ toward D285, compared with the gluco-
pyranose centroid. mediate, rather than through a long-lived ion pair, and
showed electrophilic migration of C1 along the reaction
coordinate. The same effects have been observed here3D Structure of the 2-deoxy-2-fluoro--D-
for the family 3 barley -D-glucan glucohydrolase.glucopyranosyl-Enzyme Complex
Amino acid residues within hydrogen bonding dis-Further confirmation of the role of D285 as the catalytic
tance of the hydroxyl group on the C3 atom of 2F-Gnucleophile was obtained using 2F-DNPG, which “traps”
include R158, K206, and H207, while those in the vicinitythe covalent glycosyl-enzyme intermediate in retaining
of the C4 hydroxyl group are D95 and K206. It is also-glycoside hydrolases [9, 17, 18]. The 2F-DNPG inhib-
observed that D95 forms a hydrogen bond with the C6ited the enzyme with ki, Ki, and ki/Ki, values of 0.11
hydroxyl group and that the methyl group of M316min1, 25.50 M, and 4.31 min–1 mM1, respectively. The
makes a hydrophobic contact with the C6 atom (Fig-structure of the 2F-G-complex was solved to a resolu-
ure 4c).tion of 2.55 A˚ with an R factor of 18.89% (Table 1). The
The two water molecules, Wat2 and Wat3, were coor-X-ray crystallographic analysis showed that 2F-DNPG
dinated through hydrogen bonding interactions withwas able to displace the bound glucose in the active
E491 and E220 and are located in close proximity to thesite (Figure 4c), and an intense electron density cor-
bound 2F-G (Figure 5c). The Wat2 molecule is thereforeresponding to a 2-deoxy-2-fluoro--D-glucopyranosyl
a candidate nucleophile for the second displacement(2F-G) ring structure appeared in the difference Fourier
reaction of the hydrolytic mechanism. The two solventdensity map contoured at 4.2. The distance between
molecules could be directed toward the bound sub-the C1 of the bound 2F-G and the O1285 was 1.47 A˚
strate through a chain containing other hydrophilic(Figures 4c and 5c), which again indicated a covalent
amino acid residues, such as E287 and R291. Such alinkage and provided further evidence for the role of
hydrophilic “channel” might represent a tunnel throughD285 as the catalytic nucleophile. As observed in the
which water molecules are precisely directed to theircyclohexitol-enzyme complex, the C1 of the glucosyl
target locations during hydrolysis (Figure 5c).ring of the bound 2F-G intermediate was in an axial,
-anomeric configuration, and no significant ring distor-
tion could be detected. Quantum Mechanical Calculations of 2-deoxy-2-
fluoro--D-glucopyranosyl-Enzyme ComplexThe glucopyranosyl ring of the covalently bound 2F-G,
which represents the covalent glycosyl-enzyme inter- The C-O1285-C1 (COC) ester bond angle in the 3D
structure with the bound 2F-G was measured to bemediate in a catalytically competent enzyme (M.H. and
G.B.F., unpublished data), is again tilted toward D285, 134.1 (Figure 6), a value considerably larger than the
119 bond angle normally expected for an ester linkagewhen compared with the glucose molecule in the glu-
cose-native enzyme complex. The angle between the of this type. The dihedral angle of the ester linkage C-
O1285-C1-C2 (CCOC) in the atomic structure is 14.7,normals of the planes defined by the atoms C2, C3, C5,
and O5 (rms 0.08 A˚) is 16.5, and the centroid of the C2- which places the C and the C2 atoms in close proximity.
In order to explain the unusual bond angles in the 3DC3-C5-O5 cluster of 2F-G is moved toward D285 by
0.68 A˚. The O2285 hydrogen bonding interaction with structure of the 2F-G-enzyme complex, ab initio molecu-
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increase in both the energy and the COC angle for 2F-G,
which reflects the larger van der Waals’ radius of the F
atom and hence a greater steric repulsion. As mentioned
above, in the complex with 2F-G, the COC and CCOC
angles are 134.1 and 14.7, respectively. Thus, the
correlation between the CCOC dihedral and the COC
bond angles observed in the crystal structure is in good
agreement with these calculations (Figure 6).
Several other structures of complexes of 2-fluoro-gly-
cosyl residues covalently linked to hydrolytic enzymes
have been solved. Examples include a (1,4)--D-endog-
lucanase from Bacillus adherans (5A3H and 6A3H) [25],
myrosinase from Sinapsis alba (2MYR) [26], (1,4)--D-
xylanase from Bacillus circulans (2BVV) [22], and (1,4)-
-D-glycanase from Cellulomonas fimi (2HIS) [20, 27].
The COC bond angles in the structures 2MYR, 1BVV,
and 2XYL lie in the range 116.4–118.6 (Figure 6) and are
close to the values expected for the observed dihedral
angles. However, the COC angle in 2HIS is 114.6 (Figure
6), which is somewhat smaller than the expected value.
In the structures 5A3H and 6A3H [25], the COC bond
angles are 135.1and 126.4, with the CCOC dihedral
angles of 149.0 and 145.2, respectively (Figure 6).
These values are considerably larger than expected. The
increase in the COC bond angles in these structures is
caused by a close proximity of the catalytic acid/base
E139, which is at a distance of 3.2 A˚. In the related
structure, 2MYR [26], where the COC and the CCOC
angles are in accordance with the model system (Figure
6), the catalytic acid/base is replaced by a glutamine
residue that forms a stabilizing hydrogen bonding inter-
action to a free carbonyl oxygen atom of the catalytic
nucleophile.
3D Structure of the S-cellobioside-Enzyme Complex
The unequivocal identification of the catalytic acid/base
in glycoside hydrolases is generally more difficult than
the identification of the nucleophile. Here, we have used
the nonhydrolyzable substrate analog, 4I, 4III, 4V-S-trithi-
ocellohexaose [10], to span the catalytic site of the bar-
ley -D-glucan glucohydrolase with a view of an identi-
fying amino acid residue that would be positioned to
protonate the glycosidic oxygen of the native substrate.Figure 1. Inactivation of -D-glucan Glucohydrolase by Conduritol
The S-glycosyl substrate analog competitively inhibitsB Epoxide
the enzyme working on 4-nitrophenyl -D-glucoside(a) Semilogarithmic plot of residual activity versus time at the indi-
(4-NPG), with a Ki value of 614.6 M (data not shown).cated concentrations.
(b) Dependence of 1/kapp on the reciprocal of concentration. The S-glycosyl substrate analog was diffused into
crystals of the barley -D-glucan glucohydrolase, and
the crystal structure of the enzyme-inhibitor complex
was solved to 2.20 A˚ resolution, with an R factor oflar orbital calculations were performed, using the com-
plexes between an acetate ion and either the 2H, 3H, 17.76% (Table 1). The 3D structure (Figures 4d and 5d)
demonstrates that 4I, 4III, 4V-S-trithiocellohexaose dis-4H, 5H-oxonium ion or the 2-fluoro derivative of an oxo-
nium ion (Figure 6). places the glucose molecule bound in the active-site
pocket of the enzyme. The two residues from the nonre-Both the COC angles and the relative energies are
relatively invariant for CCOC angles across the range ducing end of the inhibitor are positioned in the pocket
at the 1 and 1 subsites with occupancy close to 1.0of 100 to 160 for both systems. The COC angle
increases by roughly 10 as the CCOC dihedral angle (Figures 4d, 5d, and 7). The remainder of the inhibitor
is disordered in the atomic structure and presumablyapproaches an eclipsed geometry; this is paralleled by
a large increase in energy. These increases are due to projects from the surface of the enzyme. The C1-S1-
C4 bond angle of the S-cellobioside moiety is 104.05,steric repulsions between the carbonyl oxygen atom of
the nucleophile O1285 and the F atom at the C2 position and the C1-S1 and C4-S1 bond lengths are 1.81 A˚
and 1.82 A˚, respectively. It is therefore likely that theof the inhibitor (Figure 6). There is a significantly larger
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Figure 2. Comparative Peptide Mapping of Tryptic Fragments of Native and Conduritol B Epoxide-Inactivated -D-glucan Glucohydrolase
(a) Tryptic digests of native (continuous line) and inactivated (dashed line) enzymes were separated, and the fractions, indicated by full and
dashed arrows of the native and inactivated enzymes, respectively, were subjected to amino acid sequence analysis.
(b) The fraction indicated in bold is unique to the digest of the inactivated enzyme. The small peak at 47.2 min (asterisk) is an autolytic fragment
of trypsin.
glycosidic O atom of the native substrate would not be the S-cellobioside moiety at subsite 1 could be de-
tected (Figures 4d and 7), and therefore the sugar ringsplaced more than 0.35 A˚ away from the position of the
S atom in the crystal structure of the S-glycosyl-enzyme at both subsites have been modeled in the 4C1 conforma-
tion (Figure 4d). However, at the current resolution ofcomplex (Figure 4d).
As seen in the previous enzyme-inhibitor complexes, the X-ray data, we do not discount the possibility of
small distortions in the ring conformation at the 1 sub-no substantial distortion of the glucopyranosyl ring of
site. A substantial ring distortion at subsite 1 has been
observed in several glycoside hydrolase-substrate/in-
hibitor complexes [4, 22, 25, 28, 29]. It is noteworthy
that this distortion occurs before the formation of the
oxocarbenium-like transition state, rather than in the
covalently linked glycosyl-enzyme intermediate.
The sugar ring of the S-cellobioside moiety at the 1
subsite also adopts the low-energy 4C1 conformation.
When the planes defined by the sugar ring atoms of the
bound S-cellobioside moiety and of a free O-cellobiose
molecule are superposed (rms 0.14 A˚) [16], the centroids
of their penultimate residues are translated by 2.7 A˚.
Furthermore, the C1-S(O)-C4-C3 dihedral angles of the
S-cellobioside moiety and of O-cellobiose have approxi-
mate values of 99 and 107, respectively. This compari-
son indicates that the sugar ring in the bound S-cellobio-
side moiety at the 1 subsite is substantially translated
and tilted around its glycosidic linkage, therefore a twist
in (1 → 4)--D-linked glucosides might be required to
achieve binding and hydrolysis. In this connection, it
would be interesting to compare the orientation of
bound sugar residues in (1 → 3)--D-linked glucosides,
which are hydrolyzed approximately five times faster [3].Figure 3. Electron Density Map of the Cyclohexitol Ring and the
The most striking observations from the crystal struc-D285 Residue in the Active Site of -D-glucan Glucohydrolase
ture are the distances of the O1491 and O2491 atomsThe C1 of the cyclohexitol ring and O1285 are separated by 1.33 A˚.
from the S atom of the S-cellobioside moiety; the dis-The diaxial positions of the ester linkage through D285 at the C1
and the hydroxyl group at the C2 of the cyclohexitol ring are clearly tances are 2.99 and 2.75 A˚, respectively (Figure 5d).
visible. The electron density map was calculated from the observed Thus, the S atom is positioned within a very short dis-
structure factors and phases using the -D-glucan glucohydrolase tance of O2491, and this implies that E491, which carries
structure and excluding the bound glucose in the active site. The the closest carboxylate group, is the catalytic acid/base
derived 2|Fo|-|Fc| and |Fo|-|Fc| Fourier syntheses are contoured at 1.2
of the enzyme. This distance is significantly shorter than(magenta) and 3 (green), respectively; Fo and Fc are the observed
the sum of the van der Waals radii for S and O atoms,and calculated structure factors, respectively. The figure was pre-
pared using O [44]. which are 1.85 A˚ and 1.40 A˚, respectively. Short interac-
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Figure 4. Stereo Representation of Ligands
Bound in the Active Site of -D-glucan Gluco-
hydrolase
MOLSCRIPT [47] diagrams of the nearest hy-
drogen bonding interactions (dashed lines)
between:
(a) Glucose.
(b) Cyclohexitol ring.
(c) 2-deoxy-2-fluoro--D-glucosyl moiety.
(d) S-cellobioside moiety.
and the contact amino acid residues.
Ligands are colored in cyan. The molecular
surfaces of domains 1 and 2 are represented
by transparent cyan and magenta surfaces,
respectively, and are generated using GRASP
[48]. Black, red, blue, yellow, and gray
spheres represent carbon, oxygen, nitrogen,
sulfur, and fluorine atoms, respectively. Wa-
ter molecules are represented as red spheres.
In (c), residues E220, E287, R291, and E491,
along with Wat2 and Wat3, are not included,
to improve the clarity of the data. The en-
trance to the active site in (b) and (c) is located
perpendicularly to the page and is located
toward the lower left hand corner in (a)
and (d).
tions of this type have been reported previously in the the glycosidic linkage and E491 in both nonionized and
ionized forms and to predict the protonation states ofcomplex between endoglucanase I from Fusarium oxy-
sporum and a nonhydrolyzable S-glycosyl substrate an- the S atom of the glycosidic linkage and the carboxyl
group of E491. The modeling showed that the distancesalog, where the distances between the O1202 and the
glycosidic S atom were 2.71–2.86 A˚ [28]. between the S atom of a dimethylsulfonium ion and the
oxygen atoms of the acetate ion are 2.72 and 2.97 A˚,Quantum mechanical modeling using dimethylsulfide
and acetic acid and dimethylsulfonium and acetate ions respectively. This is in remarkably good agreement with
the distances from O2491 and O1491 to the S atom ofwas used to mimic the interaction of the S atom of
Catalysis in Barley -D-glucan Glucohydrolase
1011
Figure 5. Bonding Interactions of Ligands in the Active Site of -D-glucan Glucohydrolase
The following are shown in 4C1 conformation with atomic numbering of the C atoms:
(a) Glucose.
(b) Cyclohexitol ring.
(c) 2-deoxy-2-fluoro--D-glucosyl moiety.
(d) S-cellobioside moiety.
The dashed lines indicate hydrogen bonding, hydrophobic and ionic interactions between inhibitors, amino acid residues, and water molecules.
Catalytic amino acid residues are shown. In contrast to Figure 4c, residues E220, E287, R291, and E491, along with Wat2 and Wat3, are
included. All distances are expressed in A˚ and are drawn to scale where possible.
the S-glycosyl substrate analog observed here in the the S atom of the inhibitor and O1491 of E491 would
explain the short distance between the two atoms. In3D structure, which are 2.75 and 2.99 A˚, respectively.
The short distances between the dimethylsulfonium and contrast, the quantum mechanical calculations show
that the distances between the S atom of dimethylsulfideacetate ions calculated in the quantum mechanical anal-
yses are consistent with a complex being formed be- and the O atoms in nonionized acetic acid are 3.40
and 3.57 A˚, respectively. The indication here is that thetween sulfonium and carboxylate ions in the catalytic
site of the enzyme, in which the proton has been trans- S-glycosyl substrate analogs, or “mimics” as they have
been referred to elsewhere [28], might more accuratelyferred from the catalytic acid/base to the S atom of the
inhibitor. The resulting electrostatic interaction between imitate the oxonium complex [30] along the hydrolytic
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The 3D structure of the enzyme in complex with the
nonhydrolyzable S-glucosyl substrate analog also pro-
vides information on amino acid residues that partici-
pate in binding at subsite 1 (Figures 4d and 5d). The
more hydrophobic  face of the glucopyranose moiety is
stabilized through stacking interactions from the phenyl
section of the indole ring of W434, while the more hydro-
philic  face of the glucopyranosyl ring forms a stacking
arrangement with the phenyl section of the indole ring
of W286. The residues W434 and W286 might serve as
a molecular “clamp” around the glucosyl residue bound
at subsite1, in much the same way as the two phenylal-
anines in (1,3)--D-exoglucanases of the family 5 glyco-
side hydrolases sandwich a glucosyl residue of the
bound substrate [21].
A third amino acid residue that makes a short hydro-
gen bonding interaction with the glucosyl residue of
Figure 6. Variation in COC Bond Angles and Relative Energies with the S-cellobioside moiety, located at the 1 subsite, is
CCOC Dihedral Angles for Covalent Complexes of an Acetate Anion R291; NH1291 interacts with the hydroxyl group at the
with the 2H, 3H, 4H, 5H-oxonium Ion and with the 2-fluro Derivative C6 atom (Figure 4d). The two sugar glucopyranoside
of an Oxonium Ion residues that occupy binding subsites 1 and 1 are
Solid and dashed lines indicate COC bond angles and relative ener- connected through a strong 2.62 A˚ hydrogen bonding
gies, respectively. Geometries and energies were calculated at the
interaction that is formed between the two hydroxylHF/6-31G(d) level. Open circles indicate geometries of the Protein
groups on the C6 and the C3 atoms (Figure 4d); theData Bank inhibitor-protein complexes. We acknowledge that the
corresponding hydrogen bond in a free O-cellobiosecorrect chemical description in accordance with IUPAC nomencla-
ture is 5-fluoro, but here we use the 2-fluoro annotations. molecule is substantially weaker.
Binding Affinity of the Glucose Product
reaction pathway (Figure 8), rather than the enzyme- in the Active Site
substrate complex. It is relevant here that the sulfur The kinetics of the reaction and the hydrolytic mecha-
atom in the S-glycosidic linkage will have nonbonding nism are summarized in Figure 8. A major conclusion
electron pairs and that those can act as proton ac- that has arisen from structural studies on the barley
ceptors in related structures [31]. Despite the remark- -D-glucan glucohydrolase is that the glucose molecule
able correlation between the quantum mechanical released from the substrate remains tightly bound to
model and corresponding bond lengths in the crystal the enzyme until the next incoming substrate molecule
structure, further experimental evidence is required to approaches. It is important to note that the glucose does
show whether the S atom of the thio-ether linkage actu- not dissociate from the active site, even after several
ally exists in the protonated state. years ([7]; unpublished data). The active site is always
Two other acidic amino acid residues, D95 and E220, fully occupied [7], and we have never observed an empty
are located in the active site of -D-glucan glucohydro- active-site pocket. This effect is not attributable to crys-
lase [7]. However, these residues are unlikely to contrib- tal lattice constraints because the enzyme is purified
ute directly to the catalytic mechanism, because in the through six protein purification steps in aqueous media,
S-cellobioside-enzyme complex, they are located more in the absence of glucose [1], prior to crystallization. In
than 6.51 A˚ away from the S atom of the substrate analog addition, crystals originally did not form for over 2
months [6].(Figure 5d, cf. Figure 5c).
Figure 7. Electron Density Map of the S-cel-
lobioside Moiety in the Active Site of -D-glu-
can Glucohydrolase
The derived 2|Fo|-|Fc| and |Fo|-|Fc| Fourier syn-
theses are contoured at 1.3. The figure was
prepared using O.
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Figure 8. Kinetics and Hydrolytic Mechanism of a Family 3, Retaining Plant -D-glucan Glucohydrolase
(a) Kinetics. The initial formation (k1) of the Michaelis complex (E-S) is preceded by the release of a noncovalently bound glucose molecule
(Glc) from an enzyme-product complex (EGlc) in which the glucose product remains bound in the active site after a previous catalytic cycle.
In the second step, the glycosidic linkage is cleaved (k2), and the glycone portion of the substrate becomes covalently attached to the enzyme
to produce a metastable covalent glucosyl-enzyme intermediate (E.Glc). The aglycone part of the substrate (H-OR) is released. In the third
step, the covalent glucosyl-enzyme intermediate is hydrolyzed (k3) by a water molecule, and the noncovalent enzyme-product complex (EGlc)
is reformed. Product (Glc) is released when another substrate molecule (S) approaches the active site and forms the next Michaelis complex
(E-S). First-order rate constants are shown (k1–k3).
(b) Hydrolytic mechanism. The double-displacement reaction mechanism at the anomeric chiral center proceeds through the protonation of
the glucosidic oxygen via the acid/base E491. A covalent -glucosyl-enzyme intermediate (E.Glc) is formed with D285, probably via oxonium
and oxocarbenium intermediates. The final hydrolysis product, glucose, in which anomeric configuration is retained, remains bound in the
active site and represents the enzyme-product complex (EGlc). The two catalytic amino acid residues D285 and E491 are eventually returned
to their original protonation states. The involvement of an oxocarbenium-like transition state in place of the distinct oxonium and oxocarbenium
intermediates is also shown. Substrate binding subsites 1 and 1 are marked.
The Ki value for glucose is 8.8 mM [1], which can now Substrate Distortion during Catalysis
The enzymic transformation of a substrate into productbe compared with values for conduritol B epoxide of
42.60 M (Figure 1), for 2F-DNPG of 25.50 M, and for by a glycoside hydrolase proceeds through a series of
intermediates and transition states, and in many cases,4I, 4III, 4V-S-trithiocellohexaose of 614.6M, when 4-NPG
is used as a substrate. Thus, the Ki values for the inhibi- is mediated via distortion/relaxation cycles of a ground-
state low-energy 4C1 chair conformation of the glycosyltors are 1–2 orders of magnitude lower than the value
for glucose. The Ki value for glucose is relatively high residue [14, 25, 32, 33]. The data obtained here with
the plant exo-acting -D-glucan glucohydrolase indicateand would indicate that glucose in the active site should
have diffused away from the enzyme. However, this that no significant distortion occurs either in the en-
zyme-product complex (Figure 4a) or in the covalentdoes not occur (Figure 4a). We conclude that the dissoci-
ation of glucose is not effected simply by diffusion, but glycosyl-enzyme intermediates (Figures 3, 4b, and 4c).
Similarly, no significant distortions occur in sugar con-results from a more complex series of events that could
now be investigated by presteady state kinetic analyses formations at subsites 1 or 1 of the S-glycosyl-
enzyme complex (Figure 4d). It has been suggested thatand time-resolved structural analyses.
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100 mM sodium acetate buffer (pH 5.25), containing 160 g/ml bo-distortion of a glycosyl ring serves to avoid formation
vine serum albumin (BSA) (Sigma), with 0–0.2 mM conduritol B epox-of a stable oxonium intermediate, and it is therefore not
ide (ICN) or 0–0.128 mM 2F-DNPG (Sigma). To stop the reaction andsurprising to find the sulfonium ligand in the S-glycosyl-
to determine residual activity, 5-l aliquots of the reaction mixture
enzyme complex in a chair conformation [34]. Crystallo- were diluted into 250 l 0.2% (w/v) 4-NPG (Sigma) in sodium acetate
graphic analyses of several other endo-acting glycoside buffer (pH 5.25) containing 160 g/ml BSA. The residual enzyme
hydrolases [22, 25, 28], exo-acting glycoside hydrolase activity and the first- and second-order rate inhibition constants
were determined as previously described [1, 37].[4], and N-acetyl -D-glucosaminidase [29] showed sub-
strate distortions at the 1 subsite.
Peptide Analysis of Native and Conduritol B Epoxide-The crystallographic analyses presented here show
Inactivated -D-glucan Glucohydrolaseno dramatic differences between interactions of amino
-D-glucan glucohydroloase isoenzyme ExoI (45 g) was inactivatedacid residues with various ligands that target key points at 37C by incubating the purified enzyme in 100 mM sodium acetate
along the hydrolytic pathway and indicate that no sub- buffer (pH 5.25) in the presence of 4.6 times the Ki concentration of
stantial distortion occurs in the sugar rings at subsites conduritol B epoxide. The enzyme was inactivated to 98%, and
1 and 1 (Figure 4). Thus, any requirement for distor- excess inhibitor was removed by centrifugation (9,500  g, 20 min).
Prior to proteolytic digestion, the native and conduritol B epoxide-tion/relaxation of the glucopyranosyl moiety in the active
inactivated -D-glucan glucohydrolases were denatured at 60C insite appears to be limited.
100 mM Tris-HCl (pH 7.2) containing 0.06% (w/v) SDS and 2 mM
dithiothreitol. The denatured enzyme was then mixed in a 1:1 ratio
Biological Implications (by volume) with 100 l 100 mM Tris-HCl (pH 7.2) containing 8 mM
CaCl2 and 40% (w/v) dimethylformamide. The proteolytic digestions
X-ray crystallographic data define here for the first time with trypsin were carried out for 21 hr at 37C at an enzyme substrate
ratio of 1:22 (w/v), and the peptides were purified on a reverse-the three key reaction intermediates along the hydrolytic
phase HPLC column using a Brownlee C18 guard column and apathway of the barley -D-glucan glucohydrolase and
W-POREX C18 analytical column as described previously [37]. Se-show the molecular details of binding of a S-glycosyl
lected peptides were sequenced in a Hewlett-Packard G1005A pro-substrate analog in the active site. The enzyme is un-
tein sequencer.
usual among previously characterized glycoside hy-
drolases because the product of the hydrolytic reaction Inactivation of -D-glucan Glucohydrolase
remains firmly bound to the enzyme and is only dis- by 4I, 4III, 4V-S-trithiocellohexaose
placed when the next substrate molecule approaches The S-glycosyl substrate analog 4I, 4III, 4V-S-trithiocellohexaose was
prepared [10] and characterized by elemental analysis, mass spec-the active site. The data are likely to provide more gen-
trometry, and 13C NMR. Chemical properties of the inhibitor wereeral insights into the reaction mechanisms, substrate
found to be in agreement with the theoretical structure of the inhibi-specificities, and hence biological functions of other
tor [10] (data not shown).
members of the family 3 enzymes in higher plants, fungi, Inactivation of -D-glucan glucohydrolase isoenzyme ExoI was
and bacteria. For example, the wide distribution, broad monitored at 37C by incubating 13 pmol purified enzyme in 100
specificity, and known expression patterns of these en- mM sodium acetate buffer (pH 5.25) containing 0.2% (w/v) 4-NPG,
zymes in higher plants suggests that they are likely to 160 g/ml BSA, and 0–440 M 4I, 4III, 4V-S-trithiocellohexaose. The
residual enzyme activity was monitored as specified above, and thebe involved in fundamental processes of cell elongation
Ki constant was determined by a proportional weighted fit, using aand plant growth [35]. Similarly, the microbial members
nonlinear regression analysis [38].of the family might participate in the degradation of plant
residues, which are generally rich in cell wall compo-
Quantum Mechanical Calculations
nents. The information obtained here also opens the Standard ab initio molecular orbital calculations [39] were performed
way for the engineering of family 3 enzymes, which in- with the GAUSSIAN 98 program [40] on two model systems, namely,
clude -D-glucan glucohydrolases, -L-arabinofuranosi- the complex between an acetate anion and either the 2H, 3H, 4H, 5H-
oxonium ion or the 2-fluoro derivative of an oxonium ion. Geometriesdases, -D-glucosidases, -D-xylosidases, and N-acetyl
were optimized at the HF/6-31G(d) level, with the CCOC dihedral-D-glucosaminidases, for increased catalytic efficiency
angle constrained at values ranging between 0 and 180 and atand altered substrate specificity. In addition, a precise
20 interval steps. Geometries of complexes of dimethylsulfide andunderstanding of catalytic mechanisms of endo- and
acetic acid and dimethylsulfonium and acetate ions were minimized
exo-acting glycoside hydrolases offers potential for the at the HF/3-21G* level. For the dimethylsulfonium ion, the S-H dis-
production of “glycosynthase” enzymes [36] that could tance was fixed at 1.327 A˚, which is the distance found in the fully
be used to synthesize immunomodulating oligosaccha- optimized structure of the dimethylsulfonium ion.
rides or to synthesize oligosaccharides that can mimic
X-Ray Crystallographyfungal elicitors and hence protect crop plants against
Crystals of -D-glucan glucohydrolase isoenzyme ExoI were pre-pathogen attack.
pared as described previously [6].
Experimental Procedures
Glucose/-D-glucan Glucohydrolase 3D Structure
Crystals in 100 mM HEPES-NaOH buffer (pH 7.0) containing 1.2%Enzyme Isolation and Purity
(w/v) polyethylene glycol 400 (Fluka Chemie) and 0.8 M ammoniumBarley -D-glucan glucohydrolase isoenzyme ExoI was purified from
sulfate (ICN) (solution A) were transferred to fresh solution A con-homogenates of 8-day-old seedlings as described previously [1].
taining 30% (v/v) glycerol (Sigma) as a cryo-protectant. The crystalsThe purity of the -D-glucan glucohydrolase was assessed by SDS-
were then flash frozen to 100 K in a stream of cold nitrogen (Oxfordpolyacrylamide electrophoresis and NH2-terminal amino acid se-
Instruments). An X-ray radiation (Cu, K) data set was collected onquence analysis.
a R-Axis IV IP detector, using a Rigaku generator operating at 40
kV and 20 mA and was fitted with elliptical glass monocapillaryInactivation of -D-glucan Glucohydrolase by Conduritol B
optics using a 0.1-mm focus at the crystal [41]. A total of 81 ofEpoxide and 2F-DNPG
data frames were collected using 1 oscillations and 1-hr exposureInactivation kinetics of -D-glucan glucohydrolase isoenzyme ExoI
were measured at 37C by incubating 13 pmol purified enzyme in times. The diffraction data were analyzed with HKL [42]. Autoindex-
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ing determined that the primitive tetragonal crystals belong to the 3. Hrmova, M., and Fincher, G.B. (1998). Barley -D-glucan gluco-
hydrolases. Substrate specificity and kinetic properties. Carbo-space group P43212. The -D-glucan glucohydrolase was located
by a constrained rigid body refinement using the ambient protein hydr. Res. 305, 209–221.
4. Zou, J.Y., et al., and Jones, T.A. (1999). Crystallographic evi-coordinate set and CNS [43]. Manual rebuilding and repositioning
of atoms in the model structure were performed using O [44]. The dence for substrate distortion and protein conformational
changes during catalysis in cellobiohydrolases Cel6A Tricho-final refinement statistics are summarized in Table 1.
derma reesei. Structure 7, 1035–1045.
5. Harvey, A.J., Hrmova, M., De Gori, R., Varghese, J.N., andCyclohexitol/-D-glucan Glucohydrolase 3D Structure
Fincher, G.B. (2000). Comparative modeling of the three-dimen-A crystal was transferred into fresh solution A containing 10 mM
sional structures of family 3 glycoside hydrolases. Proteinsconduritol B epoxide for 120 min, was cryoprotected, and was flash-
Struct. Funct. Genet. 41, 257–269.frozen to 100 K. A total of 90 of data frames was collected using
6. Hrmova, M., Varghese, J.N., Høj, P.B., and Fincher, G.B. (1998).0.5o oscillations and 3-hr exposure times, using a MAR-Research
Crystallization and preliminary X-ray analysis of -D-glucan glu-MAR-180 image plate camera with an Elliot GX-20 rotating-anode
cohydrolase isoenzyme ExoI from barley (Hordeum vulgare).generator operated at 32 kV and 20 mA. The diffraction data were
Acta Crystallogr. D 54, 687–689.analyzed, and the atomic structure was built and refined as specified
7. Varghese, J.N., Hrmova, M., and Fincher, G.B. (1999). Three-above. The final refinement statistics are summarized in Table 1.
dimensional structure of a barley -D-glucan glucohydrolase; a
family 3 glycosyl hydrolase. Structure 7, 179–190.2-deoxy-2-fluoro--D-glucopyranoside/-D-glucan
8. Legler, G. (1990). Glycoside hydrolases: mechanistic informa-Glucohydrolase 3D Structure
tion from studies with reversible and irreversible inhibitors. Adv.A crystal was transferred into solution A containing 2 mM 2F-DNPG,
Carbohydr. Chem. Biochem. 48, 319–384.was cryoprotected, and was transferred to a stream of cold nitrogen.
9. Withers, S.G., Street, I.P., Bird, P., and Dolphin, D.H. (1987).Data were collected on a Rigaku R-Axis II image plate detector,
2-Deoxy-2-fluoroglycosides: a novel class of mechanism-basedwhich was mounted on a MAC SRA M18XH1 rotating anode X-ray
glucosidase inhibitors. J. Am. Chem. Soc. 109, 7530–7531.generator operating at 40 kV and 50 mA with focusing mirrors for
10. Moreau, V., and Driguez, H. (1995). Enzymic synthesis of hemi-Cu, K. A total of 160o of data frames was collected with 1 oscilla-
thiocellodextrins. J. Chem. Soc. Perkin Trans. 1, 525–527.tions and 1-hr exposure times. Analysis of the diffraction data was
11. Varghese, J.N., van Donkelaar, A., Hrmova M., Fincher, G.B.,performed using HKL, and the atomic structure was refined by
Balaic, D.X., and Barnea, Z. (1999). A structure of exoglucanaseX-PLOR [45]. The active-site amino acid side chains were refined
complexed with conduritol B epoxide from 30 m3 crystal usingwith unit occupancy, an atomic model was built into the difference
monocapillary optics. XVIIIth I.U.C.R. Congress.Fourier electron density map, and the enzyme-inhibitor complex was
12. Bause, E., and Legler, G. (1980). Isolation and structure of arefined. The final refinement statistics are summarized in Table 1.
tryptic glycopeptide from the active site of -glucosidase A3
from Aspergillus wentii. Biochim. Biophys. Acta 626, 459–465.S-cellobioside/-D-glucan Glucohydrolase 3D Structure
13. Koshland, D.E., Jr. (1953). Stereochemistry and the mechanismCrystals were transferred into fresh solution A containing 30 mM 4I,
of enzymatic reactions. Biol. Rev. 28, 416–436.4III, 4V-S-trithiocellohexaose. After 12 hr of soaking at 18C, X-ray
14. White, A., and Rose, D.R. (1997). Mechanism of catalysis bydata were collected to 2.20 A˚ resolution from three capillary-
retaining -glycosyl hydrolases. Curr. Opin. Struct. Biol. 7,mounted crystals on beam line BM6A using a Weissenberg camera
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nucleophile in Vibrio furnisii N-acetyl--D-glucosaminidase us-modified using O. The final refinement statistics are summarized in
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